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ABSTRACT: Advances are required to develop functionalization routes for MoS2, in both the metallic 1T and semiconducting 2H 
phase, that will not only enable their easier manipulation and handling in liquid media but also enhance their applicability in diverse 
technological fields. Herein, we report an original functionalization methodology for covalently incorporating dithiolene units at the 
periphery of exfoliated 1T- and 2H-MoS2 sheets, by employing a bis(thiolate) salt as a ligand in a green and facile protocol. Extensive 
characterization of the covalently functionalized materials is presented, along with a pathway for the à la carte chemical manipulation 
of MoS2. Markedly, the reported methodology may be applied for modifying of other transition metal dichalcogenides. 
Molybdenum disulfide (MoS2) is a 2D layered material that 
can be either produced via top-down exfoliation procedures 
from the bulk or synthesized from inorganic salts and/or organ-
ometallic species via bottom-up solvothermal routes.1 Interest-
ingly, MoS2 appears with different symmetry and polymorphs, 
including the 2H semiconducting and 1T metallic phase, with 
the former being thermodynamically stable. Functionalization 
of MoS2 has proven to be of fundamental importance towards 
controlling and tuning the electronic and optical properties of 
the material.2 In this context, functionalized MoS2-based nano-
materials are suitable for applications in diverse technological 
fields, hence, attracting enormous research interest the last few 
years.3 
Although the basal plane of 2H-MoS2 is relatively chemically 
inert, functionalization routes encompassing thiol conjucation,4, 
5, 6 coordination to metal complexes,7 diazonium radical addi-
tions8, and reaction with maleimides9 were reported. An alterna-
tive route to modify semiconducting 2H-MoS2 is by filling S 
vacancies located at the edges. To this end, our team demon-
strated a straightforward methodology for the covalent func-
tionalization of 2H-MoS2 nanosheets by reaction with 1,2-dithi-
olane derivatives, which possess high binding affinity for Mo 
atoms.10-16 Conversely, modification of 1T-MoS2 upon reac-
tions with alkyl halides,17, 18 aryl halides,19  and diazonium salt 
electrophiles,20, 21 were reported. Please note that in those reac-
tions, nucleophilicity and therefore reactivity enhancement of S 
atoms on the basal plane due to lithium intercalation during ex-
foliation of MoS2 by organolithium agents was considered. 
Also, it was found that 1T-MoS2 can electrochemically interca-
late other ions as well (H+, Na+ and K+) apart from Li+.22 Nev-
ertheless, despite those strategies employed for modifying the 
basal plane and the edges of either semiconducting or metallic 
MoS2, the chemistry of the material still lags behind as com-
pared with the significant advancements witnessed on graphene 
during the last decade.23 Hence, additional research effort is re-
quired to discover new functionalization routes and further de-
velop the chemistry of MoS2, allowing easier manipulation and 
processing in wet media. 
Bis(thiolate) salts serve as excellent dithiolene ligands for 
transition metal complexes and have been studied thoroughly 
since their introduction in  early ‘60s24 due to their remarkable 
electrochemical and photochemical properties.25, 26 Dithiolene 
chemistry has been fuelled by its multiple applications in elec-
trochemistry,27 biochemistry,28 photochemistry,29 and materials 
science.30 Although dithiolenes have been extendedly studied as 
ligands in organometallic chemistry, their effective chemical in-
corporation in MoS2 nanosheets yet awaits exploration. 
Herein, we apply a novel, green and facile method for the co-
valent functionalization of MoS2 employing a bis(thiolate) salt 
as ligand. The protocol is successfully applied in metallic 1T-
MoS2 as well as semiconducting 2H-MoS2 (Scheme 1). Vibra-
tional IR and Raman spectroscopy and dynamic light scattering 
together with microscopy imaging coupled with electron energy 
loss spectroscopy provide direct evidence for the chemical 
functionalization of the two polytype MoS2 materials, while 
TGA aids to determine the organic addend loading. The route 
to covalently functionalize MoS2 by attaching “custom-made” 
dithiolene ligands is also described and constitutes a key point 
not to be missed. 
The MoS2 1T-phase is acquired by chemical exfoliation pro-
cess via Li intercalation (1a),31 while conversely, chlorosulfonic 
acid-assisted treatment of bulk MoS2 provides exfoliated 2H-
MoS2 (1b),32 which possesses S-vacancy sites at the edges of 
the basal plane. On the other hand, (Z)-but-2-ene-2,3-bis(thio-
late) potassium salt (2) is synthesized via a simple three-step 
route.33 Briefly, 3-chlorobutan-2-one is SN2 substituted by O-
isopropylxanthate salt to form  O-isopropyl S-3-oxobutan-2-yl 
dithiocarbonate intermediate, which is then forced to acid-cata-
lyzed ring closure.  
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Scheme 1. Covalently functionalized 1T- and 2H-MoS2 with dithiolenes. 
After isolating 1,3-dithiol-2-one, subsequent KOH hydroly-
sis leads to (2) (Figure S1), according to 1H NMR (Figure S2).33 
Next, an aqueous mixture of (2) and MoS2 nanosheets (1a) and 
(1b) is thermally stirred to furnish MoS2-modified materials 
(3a) and (3b), respectively, according to Scheme 1. The func-
tionalized materials (3a) and (3b) are isolated by filtration, after 
being successively bath sonicated, filtrated over PTFE mem-
brane (0.2 μm pore size) and extensively washed with water, 
methanol, DMSO and dichloromethane, to rule out the possibil-
ity of physisorption. The latter is confirmed by successive 1H-
NMR measurements of the filtrate until no organic compound 
was detected (Figure S3). Please note that the organic adduct 2, 
whereas rather plain and easy to characterize for the needs of 
this study, can be easily modifiable as desired, e.g. bromination 
of the methyl group followed by a nucleophilic substitution,34 
for future studies. 
  Initially, electronic absorption spectroscopy reveals the metal-
lic or semiconducting character of the starting MoS2 materials 
and their modified analogues. Figure S4 illustrates the UV-Vis 
spectra of all four materials (1a, b and 3a, b) dispersed in DMF. 
In the absorbance spectra of metallic (1a) and (3a), a broad ab-
sorption band at 600-700 nm is depicted along with a character-
istic band at 420 nm (Figure S4a).35 On the other hand, 2H-
MoS2 (1b) and (3b) are distinguished by their characteristic A 
and B excitonic transitions at 690 and 630 nm, respectively, 
while C and D excitonic peaks appear at 470 and 400 nm, re-
spectively (Figure S4b).36 
    Next, Raman spectroscopy measurements (λexc 633 nm) are 
conducted. The Raman spectrum of (3a) reveals all characteris-
tic modes of MoS2 in the range of 300-500 cm-1. In detail, in-
plane transition E12g at 375 cm-1, out-of-plane transition A1g at 
405 cm-1 and S-vacancies-related 2LA(M)37 vibration at 450 
cm-1 are depicted (Figure 1). Particularly the intensity of the 
2LA(M) mode is decreased as compared with that of (1a), 
which is an essential hint of lattice healing. Characteristic J1, J2 
and J3 modes of 1T-MoS2 polytype at 150, 220, and 325 cm-1 
respectively are also present, confirming the predominantly me-
tallic character of (1a) and (3a). On the other hand, while 2H-
MoS2 characteristic E12g, A1g and 2LA(M) modes are present 
and way defined in the Raman spectra of (1b) and (3b) (Figure 
2), the absence of J1, J2 and J3 associated with the phonon modes 
of 1T-MoS2 advocates for a 2H-phase character, which is pre-
served upon dithiolenes functionalization. Moreover, focusing 
on the 2LA(M) mode of (3b), there is a considerable decrease 
in intensity compared to that of (1b), therefore again a strong 
indication of functionalization is given. Complementary Raman 
mapping assays highlight the increased IA1g/I2LA(M) intensity ra-
tio of functionalized materials (3a) and (3b) compared to that 
of starting (1a) and (1b), supporting this allegation (Figure 1 
and Figure 2). 
 
Figure 1. Top: Raman spectra of exfoliated 1T-MoS2 (1a-black) 
and functionalized 1T-MoS2 (3a-red) (normalized at the A1g mode). 
Bottom-left: 2D Raman mapping of the IA1g/I2LA(M) intensity ratio 
of a 20μm x 20μm area for exfoliated 1T-MoS2 (1a). Bottom-right: 
2D Raman mapping of the IA1g/I2LA(M) intensity ratio of a 20μm x 
20μm area for functionalized 1T-MoS2 (3a). All measurements 
were conducted at λexc 633 nm. 
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Figure 2. Raman spectra of exfoliated 2H-MoS2 (1b-black) and 
functionalized 2H-MoS2 (3b-red) (normalized at the A1g mode). 
Bottom-left: 2D Raman mapping of the IA1g/I2LA(M) intensity ratio 
of a 20μm x 20μm area for exfoliated 2H-MoS2 1b. Bottom-right: 
2D Raman mapping of the IA1g/I2LA(M) intensity ratio of a 20μm x 
20μm area for functionalized 2H-MoS2 (3b). All measurements 
were conducted at λexc 633 nm. 
   Regarding ATR-IR spectroscopy, while MoS2 (1a) and (1b) 
do not bare any functional groups and therefore characteristic 
vibrations are absent, the spectrum of organic bis(thiolate) salt 
(2) reveals the C-H stretching vibration bands at 2976 cm-1, 
2925 cm-1 and 2825 cm-1 as well as C=C and C-S stretching 
bands at around 1600 and 702 cm-1, respectively (Figure S5). 
These identifying signals are also present in the modified mate-
rials (3a) and (3b), as illustrated in Figure 3. Based on this 
strong proof for the presence of dithiolenes in (3a) and (3b), 
along with the S-vacancies-related decreased 2LA(M) mode in 
the modified MoS2 materials and the work-up procedure em-
ployed to remove any physisorbed organic species, as previ-
ously described, we conclude that the dithiolene moieties are 
covalently attached to MoS2.   
In an attempt to gain further insight into the structure of the 
novel materials synthesized, we subjected the samples to elec-
tron transmission microscopy (TEM) imaging.  We analyzed 
exfoliated and functionalized 1T-MoS2 and 2H-MoS2 via high-
resolution scanning TEM (HRSTEM) imaging and spatially-re-
solved electron energy loss spectroscopy (SR-EELS). 
HRSTEM imaging is one of the most appropriate techniques to 
investigate the structural phase, i.e. 1T or 2H, of these MoS2 
nanosheets,32, 38, 39 while SR-EELS is an essential technique for 
the chemical investigation at the local state.13, 16, 40-42 Four dif-
ferent high-angle annular dark-field HRSTEM micrographs, 
corresponding to exfoliated (1a) and functionalized (3a) 1T-
MoS2, and exfoliated (1b) and functionalized (3b) 2H-MoS2 are 
shown at Figure 4a and b, respectively. The images confirm that 
the original phase of exfoliated (1a) and (1b) has been pre-
served after the functionalization on the corresponding dithio-
lene-modified (3a) and (3b) materials, respectively. By observ-
ing numerous flakes, the size of MoS2 sheets is in the range of 
100-1000 nm, as evidenced by the corresponding low magnifi-
cation STEM images (Figure S6). These findings have been 
corroborated by SR-EELLS STEM analyses performed on (3a) 
and (3b) and compared with that of (1a) and (1b), respectively 
(Figure 5). The S-L2,3, Mo-M4,5, C-K and Mo-M2,3 edges are ev-
ident in the spectra of functionalized (3a) and (3b). However, 
the C-K signal, characteristic of the added dithiolene units, is 
absent in the corresponding EEL spectra of exfoliated (1a) and 
(1b). Hence, based on these EELS analyses the presence of di-
thiolene moieties is confirmed in the functionalized 2H-MoS2 
and 1T-MoS2 flakes. 
 
Figure 3. ATR-IR spectra of a) exfoliated 1T-MoS2 (1a-black) and 
functionalized 1T-MoS2 (3a-red) and b) exfoliated 2H-MoS2 (1b-
black) and functionalized 2H-MoS2 (3b-red). 
  Complementary, the size of exfoliated (1a) and (1b) and their 
functionalized analogues (3a) and (3b), respectively, is esti-
mated by dynamic light scattering (DLS) assays. The apparent 
hydrodynamic radius (Rh) of (1a) is found to be 163 nm, 
whereas the Rh of (1b) is 271 nm. Conversely, the Rh of func-
tionalized (3a) and (3b) is 305 and 411 nm, respectively. The 
upsize of functionalized MoS2 by approximately 140 nm, as 
compared to exfoliated material, is rationalized by considering 
aggregation effects as well as the functionalization and incor-
poration of the hydrophobic dithiolene moieties at the periphery 
of the nanosheets. The deviation in size observed between 
HRSTEM and DLS is not actually invalid. DLS provides the 
apparent average hydrodynamic radius based on size distribu-
tion in an aqueous dispersion, where nanoaggregates may form, 
while in HRSTEM the samples are imaged in solid form. 
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Figure 4. HRSTEM-HAADF micrographs of a) exfoliated 1T-
MoS2 (1a-left) and functionalized 1T-MoS2 (3a-right), and b) ex-
foliated 2H-MoS2 (1b-left) and functionalized 2H-MoS2 (3b-right). 
 
Figure 5. (a, b) HAADF-STEM images of exfoliated 1T-MoS2 (1a) 
and functionalized 1T-MoS2 (3a), respectively. EELS spectra-im-
age (SPIM) have been recorded in the green marked areas high-
lighted in these images. (c) Three EEL spectra corresponding to the 
sum of 56 (64, for SPIM of Fig. 5a) spectra collected in each of the 
three highlighted areas (marked (i), (ii) and (iii) of these SPIM, see 
Fig. 5a and b HAADF micrographs). (d and e) HAADF-STEM im-
ages of exfoliated 2H-MoS2 (1b) and functionalized 2H-MoS2 (3b), 
respectively. An EELS spectrum-line (SPLI) and an EELS SPIM 
have been collected in the blue and green marked areas highlighted 
in these images. (f) Three EEL spectra corresponding to the sum of 
5 (36, for SPIM of Fig. 5d) spectra recorded in each of the three 
highlighted areas (marked (i), (ii) and (iii) of these SPLI and SPIM, 
see Fig. 5 c and d HAADF micrographs). 
   Thermogravimetric analysis along with further implication of 
successful incorporation of (2) on MoS2 lattice reveals also the 
degree of functionalization for each material. While (1a) exhib-
its a mass loss of 2.7% up to 500oC, mainly due to the interca-
lation conditions that affect the structural homogeneity of 
MoS2,20 (3a) shows a 6.5% mass loss, therefore the 3.8% mass 
loss is attributed to the decomposition of the organic addend 
(Figure 6a). On the other hand, semiconducting 2H-MoS2 (1b) 
is rather thermally stable up to 500 oC, whereas functionalized 
material (3b) shows a minor but 2.3% mass loss up to that tem-
perature (Figure 6b), indicating that S vacancies at the edges are 
occupied by bis(thiolate) salt (2). 
 
Figure 6. TGA graphs of exfoliated a) 1T-MoS2 (1a-black) and 
functionalized material (3a- red), and b) exfoliated 2H-MoS2 (1b- 
black) and functionalized material (3b-red). 
   In conclusion, we present a straightforward and eco-friendly 
protocol for the covalent functionalization of 1T-MoS2 and 2H-
MoS2 utilizing water as solvent and mild reaction conditions. In 
particular, we showcase that both phases of MoS2 can be cova-
lently functionalized with a simple bis(thiolate) salt, therefore 
incorporating dithiolene chemistry and its outstanding applica-
tions in materials science. Our study provides the research com-
munity with the tools to modify MoS2 as desired by designing 
“custom-made” dithiolene reagents bearing active moieties. 
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